Characterizing variation in the rate of recombination across the genome is 28 important for understanding many evolutionary processes. The landscape of 29 recombination has been studied previously in the house mouse, Mus musculus, and 30 it is known that the different subspecies exhibit different suites of recombination 31 hotspots. However, it is not established whether broad-scale variation in the rate of 32 recombination is conserved between the subspecies. In this study, we construct a 33 fine-scale recombination map for the Eastern house mouse subspecies, M. m. 34 castaneus, using 10 individuals sampled from its ancestral range. After inferring 35 phase, we use LDhelmet to construct recombination maps for each autosome. We 36 find that the spatial distribution of recombination rate is strongly positively between 37 our castaneus map and a map constructed using inbred lines of mice derived 38 predominantly from M. m. domesticus. We also find that levels of genetic diversity in 39 M. m. castaneus are positively correlated with the rate of recombination, consistent 40 with pervasive natural selection acting in the genome. Our study suggests that 41 recombination rate variation is conserved at broad scales between M. musculus 42 subspecies. 43 44 45 46 47 48 49 50
Introduction 51 52 In many species, rates of crossing-over are not uniformly distributed across 53 chromosomes, and understanding this variation and its causes is important for many 54 aspects of molecular evolution. Experiments in laboratory strains or managed 55 populations examining the inheritance of markers through pedigrees have allowed 56 direct estimation of rates of crossing over in different regions of the genome. Studies 57 of this kind are impractical for many wild populations, where pedigree structures are 58 largely unknown (but see Johnston et al. 2016) . In mice, there have been multiple 59 genetic maps published (e.g. Jensen-Seaman et al. 2004; Paigen et al. 2008; Cox et 60 al. 2009; Liu et al. 2014) , typically using the classical inbred laboratory strains, which 61 are predominantly derived from the Western European house mouse subspecies, 62 Mus musculus domesticus (Yang et al. 2011) . Recombination rate variation in 63 laboratory strains may not, therefore, reflect natural rates and patterns in wild mice of 64 different subspecies. In addition, recombination rate modifiers may have become 65 fixed in the process of laboratory strain management. On the other hand, directly 66 estimating recombination rates in wild house mice is not feasible without both a 67 population's pedigree and many genotyped individuals (but see Wang et al. 2017) . 68 69 To understand variation in recombination rates, patterns of linkage 70 disequilibrium (LD) in a sample of individuals drawn from a population can be used. 71 Coalescent-based methods have been developed that use such data to indirectly 72 estimate recombination rates at very fine scales (Hudson 2001; Mcvean et al. 2002; 73 Mcvean et al. 2004; Auton and Mcvean 2007; Chan et al. 2012) . The recombination 74 rates estimated in this way reflect variation in crossing over rates in populations 75 4 ancestral to the extant population, and are averages between the sexes. Methods 76 using LD have been applied to explore variation in recombination rates among 77 mammals and other eukaryotes, and have demonstrated that recombination 78 hotspots are associated with specific genomic features (Myers et al. 2010; Paigen 79 and Petkov 2010; Singhal et al. 2015) . 80 81 The underlying mechanisms explaining the locations of recombination events 82 have been the focus of much research. In house mice and in most other mammals, 83 the PRDM9 zinc-finger protein binds to specific DNA motifs, resulting in an increased 84 probability of double-strand breaks, which can then be resolved by reciprocal 85 crossing-over (Grey et al. 2011; Baudat et al. 2013) . Accordingly, it has been shown 86 that recombination hotspots are enriched for PRDM9 binding sites (Myers et al. 87 2010; Brunschwig et al. 2012) . PRDM9-knockout mice still exhibit hotspots, but in 88 dramatically different genomic regions (Brick et al. 2012) . Variation in PRDM9, 89 specifically in the exon encoding the zinc-finger array, results in different binding (Winckler et al. 2005; Stevison et al. 2015) . 98 Correlations between the broad-scale recombination landscapes of the great apes 99 are, however, relatively strongly positive (Stevison et al. 2011; Stevison et al. 2015) . 100 5 This suggests that, while hotspots evolve rapidly, the overall genetic map changes 101 more slowly. Indeed, multiple closely related species pairs with different hotspot 102 locations show correlations between recombination rates at broad scales 103 (Smukowski and Noor 2011), as do species that share hotspots or lack them 104 altogether (Singhal et al. 2015; Smukowski Heil et al. 2015) . 105 
106
It has been suggested that a population ancestral to the M. musculus species 107 complex began to split into the present day subspecies around 500,000 years ago 108 (Geraldes et al. 2008 We analyzed the genomes of 10 wild-caught M. m. castaneus individuals 142 sequenced by Halligan et al. (2013) . Samples were from North-West India, a region 143 that is believed to be within the ancestral range of the house mouse. Mice from this 144 region have among the highest levels of genetic diversity among the M. musculus For the purposes of estimating recombination rates, variable sites were 162 filtered on the basis of several conditions: Insertion/deletion polymorphisms were 163 excluded, because the method used to phase variants (see below) cannot process 164 these sites. We also excluded sites with more than two alleles and those that failed 165 the Samtools Hardy-Weinberg equilibrium test (p < 0.002). Errors in phase inference, discussed above, may bias our estimates of the 249 recombination rate, since they appear to break apart patterns of LD. We assessed 250 11 the impact of these errors on recombination rate inference by incorporating them into 251 the simulated data at a rate estimated from the pseudo-female individuals. For each 252 of the 10 individuals drawn from the simulated populations, switch errors were 253 randomly introduced at heterozygous positions at the rate estimated using the 254 chosen SNP filter set (see Results). We then inferred the recombination rates, as 255 above, for the simulated population using these error-prone data. We assessed the 256 effect of switch errors on recombination rate inference by comparing estimates 257 based on the simulated data both with and without switch errors. It is worth noting 258 that there is the potential for switch errors to undo crossing-over events, reducing 259 inferred recombination rates, if they affect heterozygous SNPs that are breakpoints 260 of recombinant regions. and these sites were then used to populate the mutation matrix, following Chan et al. 276 (2012). This approach ignores the possibility of both back mutation and homoplasy. 277 To account for this uncertainty, LDhelmet incorporates a prior probability on the 278 ancestral base. Following Singhal et al. (2015) , at resolvable sites (i.e. when both 279 outgroups agreed), the ancestral base was given a prior probability of 0.91, with 0.03 280 assigned to each of the three remaining bases. This was done to provide high 281 confidence in the ancestral allele, but to also include the possibility of ancestral allele 282 misinference. At unresolved sites (i.e., if the outgroup alleles did not agree or there 283 were alignment gaps in either outgroup), we used the stationary distribution of allele 284 frequencies from the mutation rate matrix as the prior (Table S2 ). analysed. We ran LDhelmet with a block penalty of 100 for a total of 1,000,000 290 iterations, discarding the first 100,000 as burn-in. The block penalty value was 291 chosen to obtain a conservatively estimated recombination map, on the basis of the 292 simulation analysis. We analyzed all sites that passed the filters chosen using the 293 pseudo-female phasing regardless of CpG status; note that excluding CpG-prone 294 sites removes ~50% of the available data and thus would substantially reduce the 295 power to infer recombination rates. We assumed θ = 0.01, the approximate genome-296 wide level of neutral diversity in M. m. castaneus, and included ancestral allele priors 297 and the mutation rate matrix for non-CpG sites as parameters in the model. 298 Following the analyses, we removed overlapping SNPs and concatenated SNP 299 windows to obtain recombination maps for whole chromosomes. It is worthwhile noting that our map was constructed with genotype calls made 302 using the mm9 version of the mouse reference genome. This version was released 303 in 2007 and there have been subsequent versions released since then. However, 304 previously published genetic maps for M. musculus were constructed using mm9, so 305 we used that reference to make comparisons (see below). rates as follows. We obtained the coordinates of the canonical spliceforms of protein 369 coding genes, orthologous between mouse and rat from Ensembl Biomart (Ensembl 370 Database 67; http://www.ensembl.org/info/website/archives/index.html). We 371 calculated the frequency-weighted mean recombination rate and the GC content for 372 each gene. Using the approximate castaneus reference, described above, and the 373 16 outgroup alignment, we obtained the locations of 4-fold degenerate synonymous 374 sites. If a site was annotated as 4-fold in all three species considered, it was used for 375 further analysis. We removed poor quality alignments between mouse and rat, 376 exhibiting a spurious excess of diverged sites, where >80% of sites were missing. 377 We also excluded five genes that were diverged at all non-CpG prone 4-fold sites, as 378 it is likely that these also represent incorrect alignments. After filtering, there were a 379 total of 18,171 protein-coding genes for analysis. In order to infer recombination rates from our sample of individuals, we 397 required phased SNPs. Taking advantage of the high sequencing depth of the 398 17 sample, we phased SNPs using ShapeIt2, an approach that makes use of both LD 399 and sequencing reads to resolve haplotypes. We phased each of the mouse 400 autosomes, giving a total of 43,366,235 SNPs for estimation of recombination rates. 401 402 By constructing pseudo-female individuals, we quantified the switch error rate 403 incurred when inferring phase from our data. After filtering of variants, ShapeIt2 404 achieved low switch error rates for all parameter combinations tested (Table S1 ). We 405 chose a set of filters (GQ > 15, QUAL > 30) that resulted in a mean switch error rates 406 across the three pseudo-females of 0.46% (Table S1 ). More stringent filtering 407 resulted in slightly lower mean switch error rates, but also resulted in the removal of 408 many more variants from the dataset (Table S1) We assessed the performance of LDhelmet when applied to our dataset by 414 simulation. In the absence of switch errors, LDhelmet accurately infers the average 415 recombination rate down to values of ρ/bp = 2x10 -4 ( Figure 1 ). Below this value, 416 LDhelmet overestimated the scaled recombination rate for the simulated populations 417 (Figure 1) . With switch errors incorporated into simulated data, LDhelmet accurately 418 estimated ρ/bp in the range 2x10 -3 to 2x10 2 . When the true ρ/bp was <2x10 -3 , 419 however, LDhelmet overestimated the mean recombination rate for 0.5Mbp regions 420 (Figure 1 ). This behavior was consistent for all block penalties tested ( Figure S1 ). 421 Given that the simulations incorporated the mutation rate matrix (Table S2) ). Indeed, we find that the frequency-weighted mean recombination rate for 443 chromosome 19 is the highest among the autosomes (Table 1 ). We also found that 444 the frequency-weighted mean recombination rates for each of the autosomes were 445 highly correlated with the direct estimates given in Jensen-Seaman et al. We compared the intra-chromosomal variation in recombination rates 454 between our castaneus map and previously published maps. Figure 2 shows the 455 variation in recombination rates across the largest and smallest autosomes in the 456 mouse genome, chromosomes 1 and 19, respectively. It is clear that the castaneus 457 and Cox maps are very similar (see also Figure S2 showing a comparison of all 458 autosomes). Correlation coefficients between the maps are >0.8 for window sizes of 459 8Mbp and above (Figure 3 ). Although the overall correlation between the castaneus 460 and Cox maps is high (Figure 3) , there were several regions of the genome that 461 substantially differ, for example in the centre of chromosome 9 ( Figure S2 ). The Cox 462 and castaneus maps are more similar to one another than either are to the 463 Brunschwig map (Figure 3) , presumably because the Brunschwig map was 464 constructed with a sample of 60 inbred mouse strains. Population structure in the 465 lines or the subspecies from which they were derived would elevate LD, resulting in By examining the correlation between genetic diversity and recombination 477 rate, we determined whether our map captures variation in N e across the genome. 478 We found that recombination rates at protein coding genes are significantly and 479 positively correlated with levels of neutral genetic diversity (Table 2) , at all sites 480 regardless of base context and at non-CpG-prone sites only (Table 2) . Divergence 481 from the rat at 4-fold sites was also significantly and positively correlated with 482 recombination rate when analyzing all sites. However, for non-CpG-prone sites we 483 found a small negative correlation (Table 2 ). There was also a significant and 484 positive relationship between recombination rate and a gene's GC content ( = 485 0.125, p < 2.2x10 -16 ). The correlation between recombination rate and neutral 486 diversity divided by divergence from the rat was both positive and significant, 487 regardless of base context (Table 2; Figure S3 ). This indicates that natural selection 488 may have a role in reducing diversity via hitchhiking and/or background selection. Recombination landscapes inferred using coalescent approaches, as in this 500 study, reflect ancestral variation in recombination rates. We show that this ancestral 501 variation is highly correlated with contemporaneous recombination rates in inbred 502 mice of a different subspecies, suggesting that the broad-scale variation in 503 recombination rate has not evolved dramatically since the subspecies diverged 504 around 500,000 years ago (Geraldes et al. 2008) . At a finer scale, however, The castaneus map constructed in this study appears to be more similar to 524 the Cox map than the Brunschwig map ( Figure 3 ). There are number of potential 525 reasons for this. Firstly, we used a much larger number of markers to resolve 526 recombination rates than Brunschwig et al. (2012) , giving us more power to capture 527 variation in the recombination rate. Secondly, it seems probable that population 528 structure within and between the inbred and wild-derived lines studied by 529 Brunschwig et al. (2012) could have resulted in biased estimates of the 530 recombination rate. By dividing the mean estimated ρ/bp values (inferred using 531 LDhelmet) for each chromosome by the corresponding recombination rate estimated 532 from crosses (Cox et al. 2009 ), we showed that N e estimates from the Brunschwig 533 map are much lower than estimates based on our map (Table 1) . This is consistent 534 with the presence of elevated LD between the SNPs in the inbred lines analyzed by 535 Brunschwig et al. (2012) . It should be noted, however, that the estimates of N e will 536 be biased, as θ = 4N e μ is a parameter in both LDhat and LDhelmet. In spite of this 537 potential bias, the differences in N e estimated from the Brunschwig and castaneus 538 maps shown in Table 1 are striking, given that the ancestral effective population Correlation coefficients between recombination rate and pairwise nucleotide diversity and 841 divergence from the rat at 4-fold degenerate sites for protein coding genes. Non-parametric 842
Kendall correlations were calculated for non-CpG prone sites and for all sites, regardless of 843 base context. All coefficients shown are highly significant (p < 10 -10 ). 844 
